This report outlines methods for preparing working plutonium nitrate calibration and test solutions similar to nitrate solutions in the nuclear fuel cycle. These working solutions are to be used in calibration and quality control surveillance of analytical me~ods recommended for assay and isotopic
There is a recent international agreement to delete "standard" when referring to "material standards" and to substitute "calibration and test materials" (CTM) Therefore, working standards are now called working calibration and test materials. measurements, 1 to minimize intralaboratory variance and interlaboratory differences. To meet the requirements of a working calibration and test material (CTM) *, the assigned values of plutonium assay and isotopic abundances must be referenced to primary or certified reference materials.
In this guide, the primary reference materials are National Bureau of Standards (NBS) Certified Reference Materials (CRMS) **. * q The nomenclature for NBS materials is being changed to eliminate "standard." The NBS Standard Reference Materials (SRM) will be renamed "Certified Reference Materials" (CRM), probably by the time this report is issued.
Plutonium nitrate solution has a long history of instability. The preparation procedures presented here include provisions for long-term storage stability. Factors that have been controlled include acid and plutonium concentration, plutonium oxidation state, and packaging.
The selection of the plutonium source material and the method of preparation of the working CTM solution must produce a solution that simulates the material processed in a plant, The plutonium nitrate solutions may be prepared using NBS CRM plutonium metal or sulfate salt, highly pure plutonium metal from other sources, or plutonium nitrate solution drawn from a plant inventory. Each material has advantages and dieadvantages for this purpose. The cost of NBS materials precludes their use in large quantities, and the isotopic compositions of NBS assay CRMS are atypical of nuclear fuel cycle materials. Plutonium metals with isotopic abundances typical of nuclear fuel cycle material can be fabricated, but often they are not readily available. Working CTM solutions prepared from plant material require extensive characterization.
All solutions are prepared on a weight (grams of plutonium per gram of solution) basis, to be consistent with recommended analysis methods. 1 Two methods that start with either NBS CRM metal or other plutonium metal are presented for preparation of working CTM solutions; each method is customized for different storage conditons. A third method using the NBS plutonium sulfate tekahydrate assay CRM as the source material produces solutions with limited plutonium concentration levels and application restricted to calibration of selected analysis methods.
The fourth method converts plant plutonium nitrate solution to a stable plutonium (IV) nitrate solution suitable for characterization and long-term storage. The prepared solutions are packaged either as evaporated slurry for totalcontent analysis or as solutions for concentration analysis. Different seeded glass containers are used for short-and long-term storage.
The aesay values of the working CTMS can be based on agreement of the makeup value with overcheck analysis results from one selected method, or on agreeing results from two different analytical methods. All analytical methods must be calibrated with NBS plutonium CRMS.
National Bureau of Standards isotopic plutonium CRMS may be used as source materials to prepare working CTM solutions restricted to calibration and qucdity control surveillance of plutonium isotopic measurements.
The solutions prepared for assay measurements also may be characterized for isotopic measurement. For both types, verification by a thermal ionization mass spectrometric method calibrated with NBS isotopic uranium and plutonium CRMS is required.
Examples are presented to demonstrate the use of analytical methods for overcheck or characterisation and methods for statistical evaluation of experimental data for assigning assay and isotopic values to working CTME.
PLUTONIUM SOURCE MATERIALS
An ideal source material for preparation of working plutonium nitrate CTM solutions would be an inexpensive, readily available, highly pure, wellcharacterized metal with isotope abundances like those of. the nuclear fuel cycle material processed in a facility. There is no readily available supply of materials that meet these criteria completely, and most laboratories will necessarily use the source materials described below. Before selecting a source material and the analytical methods to use for its characterization, one must consider the source material cost, the preparation time, the characterization cost, the effect of possible bias owing to use of plant nitrate material, and the degree to which the solution will simulate the nuclear fuel cycle material.
2.1.

NBS
Plutonium Certified Fbferenco Materials2
The NBS provides two plutonium metals and one plutonium sulfate salt that are certified for plutonium content (Table I ). These materials are readily available, highly pure, and well characterized but their cost essentially limits their use to method calibrations. Also, none is certified for isotopic abundance, so separate solutions must be prepared for this purpose. The three NBS CRMS for plutonium isotopic abundance also are listed in Table I 
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of this material are not typical of power industry plutonium.
CRA4 949, Plutonium
Metal. This wellcharacterized material is widely used to calibrate assay methods used to establish working CTM solution values. The cost precludes its use in large quantities, so high-concentration or large-volume standards cannot be prepared. Its very low extraneous element content makes it an excellent base for preparing simulated nuclear fuel cycle materials simply by adding desired elements to the dissolved metal before adjustment to the final concentration. Such solutions are very useful for establishing interference effects in assay methods. The low 240Pu and 241Pu contents of this metal make it atypical of nuclear fuel cycle material, but provide a low americium level, if desired.
CRM 945, Plutonium
Metal. This material's major intended use was as a matrix for preparation of emission spectrochemical impurity standards, so it was characterized mainly for impurity metal content. It has been recharacterized recently for plutonium content. Although the 99.9 + 0.1 Y. uncertainty limits on the plutonium content are larger than those of the CRM 949 metal, the lower cost may permit its use in preparing working CTM solutions. Its 240Pu isotopic gbundance is like that of CRM 944 plutonium sulfate, and its suitability for working isotopic CTM solutions is subject to the same considerations.
2.1.4.
CRMS 946, 947, and 948, Plutonium Sulfate Tetrahydrate.
These materials, expensive and not certified for plutonium content, are restricted to preparation of plutonium nitrate solutions for plutonium isotoDic measurements. The material whose 240Pu and'-'lpu levels are closest to a plant's nuclear fuel cycle material should be used.
Other Plutonium Metal
Highly pure plutonium metal with isotope abundances like those of nuclear fuel cycle materials, available in certain AEC contractor laboratories*, is a very desirable starting material for preparation of working CTM solutions. Unfortunately, such material is not readily available. Ideally, the metal should be >99.970 pure, and it should be characterized for metallic and nonmetallic impurities to provide a metal assay by difference so that the prepared plutonium nitrate solution need be verified using only one analytical method (see Sec. 5). An advantage of using specially fabricated metal as the source material is that the working CTM solution can serve for both assay and isotopic measurements.
Plant Plutonium Nitrate Solution
This material has unique representativeness and low cost; however, to be used as a working CTM solution, it requires extensive characterization.
Also, it may introduce bias in assay measurements because of impurity interferences that are difficult to resolve completely. For example, dissolved organic material may be present and extremely difficult to remove or measure. The characterization for assay is made (see Sec. 5) using at least two analysis methods subject to different impurity interferences.
PREPARATION OF WORKING CTM SOLUTIONS
Two methods for preparing plutonium nitrate working solutions using plutonium metal are described. One produces a plutonium (IV) nitrate solution; the other, a solution containing appreciable plutonium (VI). In sealed containers, plutonium nitrate solution that contains only PU4+ is not subject to pressure generation caused by formation of gases from radiolytic reactions with Pus+ and PU3+. 4 The solution containing Pus+ is evaporated to a slurry and stored for only short periods. Plutonium sulfate is directly diesolved in nitric acid to produce a solution suitable for long-term storage. Plant nitrate solution is treated to produce a solution suitable for long-term storage.
All the methods produce plutonium nitrate solutions on a weight (g plutonium/g solution) basis, to avoid volume errors and be consistent with recommended analysis methods. 1 The solutions also can be prepared on a volume (g plutonium/ml) basis, but dilutions to volume and aliquoting should be done at the same measured temperature with appropriately calibrated glassware.s
Preparation of Plutonium Nitrate Solution
The four methods differ primarily in initial keatment of the plutonium materials and conversion to nitrate. Subsequent procedures for impurities addition, aging, filtration, and final dilution are the same, with a few noted exceptions, for all plutonium material sources (see Sec. 3.2.). Therefore, only the initial treatments and conversion to nitrates are described separately. f ."Beaker, tall-form, 250-ml. 2. Bromine fume scrubber and steam jacket, consisting of a gas washing bottle filled with 6 M NaOH connected to g fume collector made by attaching a side arm to the cut-off top of a plastic dropping bottle. (Fig. 1) . The steam jacket is a covered beaker partially filled with water. The cover is a sheet of plastic topped by a section of round plastic or fiberboard carton trimmed to fit the volumetric flask neck closely to ensure that steam heats the entire length of the flask. 3. Flask, volumetric, volume equal to twice that of the plutonium nitrate solution to be prepared. 4. Hot plate, 5. Separator funnel, 60-ml, with Teflon stopcock. 6. Watch glass, to cover beaker. Procedure. 1. Add equal volumes of the 0.05 M HF-9 M HBr mixture and water to a 100-ml tall-form beaker to a depth sufficient to cover the plutonium metal to be added in the next step. 2. Transfer the weighed plutonium metal; then cover the beaker immediately with a watch glass to prevent loss by spray. (Cool the beaker with an ice bath to control the reaction rate for large quantities of plutonium metal.) 3. Add 0.05 M HF-9 M HBr mixture at a rate that maintains a rapid, yet controlled, dissolution. The total volume of 0.05 M HF-9 h-f HBr mixture added should be 1.5 to 2.0 ml/g of plutonium.
4. When dissolution is complete, rinse the watch glass and beaker walls with 3 M HBr. Prepare an impurity mixture in 8 M HN03 using at least AR grade metals or nitrate salts at concentrations such that a small (1-or 2-ml) volume of impurity solution contains the appropriate amount of each impurity for the total weight of plutonium. Add the appropriate volume of impurity solution to the plutonium nitrate solution from Sec. 3.1.2, 3.1.3., ox 3.1.4. and swirl the solution to homogenize it.
3,2.2, Solution Aging, All plutonium nitrate solutions, except those prepared by dissolution of plutonium metal in HC1 are aged to provide time fox radiolytically generated H202to reduce any PU6+ to PU4+, Two weeks is enough to ensure that >88% of the plutonium is PU4+ (Ref. 7) , Becauae reduction of PU6+byH202 produces gas, the solution is vented to the atmosphere while aging. The volumetric flask is covered with an inverted beaker to decrease evaporation. Aging also allows time for precipitate formation, and any precipitates axe removed by filkation after the aging.
Filtration, Filter the plutonium nitrate solution through a plastic membrane
filter into a tared volumetric flask whose capacity is twice the volume of the final working CTM solution, to allow thorough mixing by swirling. Any residue is analyxed for plutonium (Sec. 5.1), and the aseay value is corrected or the solution is subjected to assay analysis by two analytical methods.
A.
B.
c. 
Reagent
PACKAGING OF WORKING CTMS
plutonium/g solution), or both. A working CTM calibrated for total content is packaged as an evaporated slurry in glass vials with polyethylene stoppers. A working CTM calibrated for concentration is packaged in a 25-ml volumetric flask with a polyethylene stopper for short-term storage (to 3 months), or in a flame-sealed glass ampoule for longterm storage (3 months to 2 yr). Also described is the packaging of the working CTM solutions prepared for isotopic abundance measurements only.
Materials.
4.1.1. Ampoule, 2-mm wall thickness, 30-mm o.d. at base, 13-mm o.d. at neck, with 50-mm body length for each 10 ml of solution to be stored and 130-mm neck length for ease in sealing, made of boro~cate glass, (Fig. 3). 4. f .2. Bottle, wash, polyethylene, 30-ml. 4.1.3. Funnel, glass, drawn-out 6-mm stem (Fig. 3) , with l-mm delivery tip. A ring of plastic tubing is placed above the tip to act as a spacer to prevent the tip from touching the ampoule neck. The funnel stem should be treated on the outside with a nonwetting agent, Dryfilm, or equivalent.
4.1.4.
Flask, volumetric, 25-ml, polyethylene-cone, screw-cap seal, Corning No. 5650, or equivalent.
4. f ,5. Holder, polyethylene, made from a 60-rnl polyethylene boffle (Fig. 4) 
Packaging
for Short-Term Solution Storage (up to 3 months).
Weigh a clean, dry, 25-ml volumetric flask
-- -. -- -. - - - -- - +' -- -. -- -. -- -. -. - -- --
30-ml
bott Ie _From 60-ml bottle 
4.3.3.
Weigh the flask and contents, and record the flask number and delivered weight.
4.3.4.
Transfer the flack to a plaetic bag and seal the bag to protide secondary containment of plutonium and keep the flask dust free.
4.3.5.
Reweigh the flask and contents just before use, correct the concenkation for any evaporative weight loss, and shake the flask vigorously before opening. As these flasks are not designed for pressure containment, do not store these solutions longer than 3 monthe.
Packaging for Long-Term Solution Storage (3 months to 2 yr).
4.4. f. Clean, dry, and label enough ampoules for the individual working CTM solutions to be packaged. 
4.4.7.
To open an ampoule, place it in a suitable plutonium containment box, shake it vigorously, let the solution drain from the tip, make a deep, 5-to 10-mm-long scratch with a new file surface on the neck -20 mm below the seal, and touch either end of the scratch with a white-hot glass or quartz rod so that the neck cracks evenly. Tap lightly with the rod to remove the tip cleanly. If the solution has been stored longer than 1 yr, freeze it in a dry ice and ethanol , bath before opening the ampoule. Weight aliquots of [ the solution should be prepared before evaporative concentration changes occur.
Packaging
of Isotopic Working CTM Solution.
Solutions prepared for isotopic analysis only need not be protected from minor evaporative concentration changes.
Flasks with an outer-fitting ground glass stopper are recommended, because use of inner stoppers may cause isotopic contamination. Preferably, the solution should be distributed to a series of containers so that accidental contamination will not force rejection of the entire solution. Aliquots should be removed only with new, disposable droppers to prevent cross contamination.
CHARACTERIZATION AND OVERCHECK ANALYSIS OF WORKING CTMS
Working CTMS for assay measurements which were prepared using NBS materials or other highly pure plutonium metal shall be verified by overcheck analysis using one analytical method. Those prepared using plant plutonium nitrate shall be characterized by analyses using at least two analytical methods. Working CTM solutions for isotopic abundance measurements shall be verified or characterized by overcheck analysis using thermal ionization mass spectrometry. The verification or characterization samples are drawn rand-omly from the evaporated slurries or solutions packaged as discussed in Sec. 4 .
Mqor considerations in selection of the analytical methods should be minimal interference from imPuri& elements and precision as good as or better than the analytical methods being monitored. All methods used for assay overchecks shall be calibrated with NBS CRM 949 (plutonium metal) or 944 (plutonium sulfate). Calibration of the mass spectrometer used for isotopic abundance overchecks is described in Sec. 5.4.
Determination
of Plutonium Content in Filtration Residue.
As stipulated in Sec. 3.2.3, all working CTMS prepared for assay measurements shall be filtered to remove any residue. The residue from filtration of plant nitrates being prepared as CTMS is discarded without analysis. Any residue from other preparations shall be analyzed for its total plutonium content, preferably by a procedure that gives complete dissolution followed by a determination such that the uncertainty of the overall measurement is <20% relative standard deviation. Typical dissolution treatments are fusions with various fluxes and acid reactions including use of the sealed tube technique.g Applicable measurement techniques ininclude alpha counting, 10 isotope dilution mass spectrometry,6 and zpectrophotometry. 11
When the quantity of plutonium measured in the residue is <0.1 'A of the total computed plutonium in the solution, the residue may be discarded and the final results may be corrected as described in Sec. 6.1.1. If the plutonium measured in the residue is >0.1 Y. of the total computed quantity in the solution, the residue is still discarded but the solution shall be subjected to overcheck analysis per Sec. 5.2. for working assay CTMS prepared from plant plutonium nitrate.
Characterization of Working
Assay CTM Solutions Prepared from Plant Nitrate
As described in Sec. 6.5.1.A, this section also shall apply to materials prepared from NBS CRMS and other plutonium metal if the overcheck analysis dieagrees with the makeup value or the residue is >0.17. of the total plutonium content.
The working CTM solution, if its impurity content is unknown, shall first be characterized for metal impurity content, usually by an emission spectrographic analysiel to guide selection of the two analytical methods to be used for overcheck analyses.
The methods should give maximum freedom from interference, as well as a knowledge of the quantitative effects of any interfering impurities. Preferably, the two analytical methods should be subject to different impurity effects. As previously stated, both methods shall be calibrated with NBS CRM 949 or 944. The precision of each method, propagated from all systematic and random sources, shall be s O.10% relative standard deviation for the mean of n replicate analyses.
At least four aliquote of the working CTM material shall be analyzed using each method. If an out.lier rejection test is applied and a result is rejected, additional analyses shall be done to provide at least four accepted results for each method.
Statistical treatment of the data for calculation of the plutonium concentration value is presented in Sec. 6.2.
Overcheck
Analysis of Working Assay CTM Solutions Prepared from NBS Materials or Other Plutonium Metals
The impurity element contents of these starting materials usually are low and known. If they are not known, measure the impurities by emission spectrographic analysiel so that the total impurity element contents, both those added during preparation and those in the starting materials, can be obtained. The analytical method to be used for the overcheck analysis shall be selected to give maximum freedom from interference, and, in case of interference, a knowledge of the bias so that the results can be corrected. The method shall be calibrated with NBS CRM 949 or 944.
At least three aliquote shall be analyzed so that the relative standard deviation of the mean, propagated from all systematic and random sources, is <0.10%. An outlier rejection test shall not be applied to only three results. Statistical tests to evaluate agreement of the overcheck analysis results with the calculated makeup value are presented in Sec. 6.1.2.
Characterization or Verification of Isotopic Abundance Solutions
The same analytical technique, thermal ionization mass spectrometry, shall be used to characterize working isotopic abundance CTM solutions prepared from materials other than NBS plutonium isotopic reference materials and to overcheck solutions prepared from the NBS plutonium isotopic reference material (CRM 946, 947, or 948). The two measurements differ only in the number of aliquots analyzed, at least six being required for the solutions not prepared from the NBS plutonium isotopic reference materials and at least three required for solutions prepared from them. An acceptable alternate method for measurement of the 2mPu isotopic abundance is alpha pulse height spectrometry. 12- Table II lists the expected standard deviation for a single determination by thermal ionization mass epectrometry for 0.01 to 100% isotopic abundance. If the calculated standard deviation for a single determination of the characterization or overcheck analyses exceeds the tabulated values by a factor of 2 or more, the number of aliquote analyzed shall be increased so that the standard deviation of the mean is <2 times the standard deviation of the mean that would be obtained for n = 6 and n = 3, as appropriate, using Table II values. Electron multiplier detectors"shall be calibrated for mass discrimination factors using the NBS U-500 isotopic CRM. 1 When a working CTM solution is analyzed, an NBS plutonium isotopic CRM (946, 947, or 948), closest in isotopic composition to the working CTM solution, also shall be processed at a rate of one makeup assay value (see Example 1) or appropriate NBS certified isotopic abundance value corrected for 241Pu decay to time of analysis. the mean of n overcheck analysis results for the assay value or the mean of n overcheck analysis results for the appropriate isotope abundance. "best" estimate of the standard deviation of the assay analytical method based on m analyses, or "best" estimate of the standard deviation of the isotope abundance based on m analyses in which the result is the average value for 4.5 scans of a filament loading in the mass spectrometer.
Note that the' "best" estimate of a is that based on past exper@ental, preferably long-term, experience with the method. It is not the standard deviation of the results associated with ii.
The computed t value is compared to tabulated values for degrees of freedom = m-1. The hypothesis of no difference is accepted when the computed t value is less than the tabulated value at the 0.05 significance level.
A probable difficulty in the 23%u isotopic abundance analysis is high bias caused by natural uranium contamination in the fiiament material. A laboratory should correct for such bias before the t test computation. The tabulated value at the 0.05 significance level for nine degrees of freedom is again 2.26; therefore, the overcheck does not confirm makeup (see Sec. "6.5,1).
'P=mẼ xample 4. A working isot~ic CTM prepared from NBS CRM 946 had a % u isotopic abundance of 83.360% after correction for 241Pu decay. Three analysis results of thermal ionization mass spectrometry for 239Pu abundance were 83.370, 83.365, and 83.375%. Also,~= 0.010% absolute based on m = 50. The computed t value is compared to tabulated values for degrees of freedom = n 1 + n z -2. The hypothesis of no difference is accepted when the computed t value is less than the tabulated value at the 0.05 significance level.
When the computed t value exceeds the tabulated value, the two overcheck characterizations disagree. Probable causes and possible actions to be taken are discussed in Sec. 6.5.2. The tabulated value at the 0.05 significance level for five degrees of freedom (df = n, +~-2) is 2.57. These values, therefore, agree and the assigned value is calculated as in Sec. 6.3.2.
Assigned Value and Standard
Deviation for Assay Value
Assignment
Based on Overcheck and Makeup Agreement. When the overcheclc results confirm the makeup data, the makeup value is assigned with the standard deviation used in the test [Eq. (2)]. The number of determinations (n) used to test agreement is also reported. For the data from Example 2, the assigned value and standard deviation for a single determination are: @ = 0.09558 g plutonium/g solution. 6 = 0.000057, n = 3. The total number of determinations upon which ii is based also should be listed. Thus, the assigned value and standard deviation are I x = 0.09567 g plutonium/g solutioñ = 0.00002, n = 7. Working CTh4s Prepared from NBS CRM 946, 947, or 948. The assigned value for each isotope is the corrected NBS value. The standard deviation for each isotope is;, and the number of determinations of 2 also is listed.
For the 23*u abundance data from Example 4, *9PU= 83.360%
6= O.O1O,n = 3.
Isotopic Values Based on Six or More Analyses.
The assigned value is the average of the data for each isotopic abundance, and the standard deviation is s (the calculated standard deviation of a single determination for the six values) or 6 (the best estimate of the standard deviation of a single measurement of the isotope abundance in which an analysis result is the average value for at least 4.5 scans of a filament loading in the mass spectrometer).
Both standard deviatioris are calculated, and the larger value is assigned. The number of determinations upon which ii is based aleo is listed. assay values disagree (Sec. 6.1,2), the working CTM is assayed using a second analytical method subject to different interferences (Sec. 5.2), or it is discarded and a new reference material is prepared. Data from a second analytical method are tested against makeup value using Eq. (2), and if agreement is indicated, the first overcheck data are discarded and the makeup and second analytical method data are used to assign a reference value and standard deviation per Sec. 6.3.1. If the second analytical method results dieagree with makeup, they are tested against the first analytical method results using Eq. (3) . If the two methods agree, the assigned value and standard deviation limits are computed as in Sec. 6.3.2. Disagreement of the makeup and two analytical method results is discussed in Sec. 6,5.2.
#B. Disagreen.tent of Isotopic Values.
When the NBS values and the analytical isotopic abundances dieagree (Sec. 6.1.2), isotopic contamination of the ' plutonium is indicated. In this case, the working CTM is reanalyzed to meet the criteria of six or more analyses established in Sec. 5.4.
Disagreetnent
of Makeup and Assay by Two Analytical Methods. When the two analytical results for a working CTM prepared from plant nitrate or the two results and the makeup value for other working CTMS dieagree (Sec. 6,5.1), the discrepancy is caused by an error in one or both analytical methods or the makeup value. Possible sources of error include improper calibration of one or both methods, uncorrected interference effects for one or both methods, loss of material in analysis or synthesis, or miscalculation of data. A recheck of the data may disclose the cause; if it is correctable, the corrections should be applied and the results should be retested )
statistically. If the cause is unresolved but one method is more suspect than the other, a third method may be used, its results should replace that of t the suspect method, and the statistical test should be reapplied. If neither method is suspect, all data are to be discarded. In this case, one can recharacterize using the same methods again or using other methods. Ultimately, if the problem remc& unresolved, the prepared working CTM shall be discarded.
Correction for 241Pu Decay
Plutonium nitrate CTM assigned reference values should be corrected for 241Pu decay on a regular basis. A CTM with a 1% isotopic abundance of 241Pu decreases in total plutonium content at a rate of z40 ppm per month. The corrections should be made at such intervale that the assigned assay value changes by <0.05%. The recommended half-life for 241Pu is 14.7 y.
